With the genome sequence of Mycobacterium avium subsp. paratuberculosis determined, technologies are now being developed for construction of protein arrays to detect the presence of antibodies against M. avium subsp. paratuberculosis in host serum. The power of this approach is that it enables a direct comparison of M. avium subsp. paratuberculosis proteins to each other in relation to their immunostimulatory capabilities. In this study, 93 recombinant proteins, produced in Escherichia coli, were arrayed and spotted onto nitrocellulose. These proteins include unknown hypothetical proteins and cell surface proteins as well as proteins encoded by large sequence polymorphisms present uniquely in M. avium subsp. paratuberculosis. Also included were previously reported or known M. avium subsp. paratuberculosis antigens to serve as a frame of reference. Sera from healthy control cattle (n ‫؍‬ 3) and cattle infected with either M. avium subsp. avium and Mycobacterium bovis were exposed to the array to identify nonspecific or cross-reactive epitopes. These data demonstrated a degree of cross-reactivity with the M. avium subsp. avium proteins that was higher than the degree of cross-reactivity with the more distantly related M. bovis proteins. Finally, sera from naturally infected cattle (n ‫؍‬ 3) as well as cattle experimentally infected with M. avium subsp. paratuberculosis (n ‫؍‬ 3) were used to probe the array to identify antigens in the context of Johne's disease. Three membrane proteins were the most strongly detected in all serum samples, and they included an invasion protein, an ABC peptide transport permease, and a putative GTPase protein. This powerful combination of genomic information, molecular tools, and immunological assays has enabled the identification of previously unknown antigens of M. avium subsp. paratuberculosis.
Johne's disease is responsible for severe economic losses to the U.S. dairy industry totaling over $200 million annually (21) . The causative agent of this significant animal disease is Mycobacterium avium subsp. paratuberculosis. This bacterium can infect domestic ruminants, including cattle, sheep (27, 37) , and goats (54, 55) . Wildlife such as deer (22, 32, 33) , antelope (9, 14) , bison (59) , and rabbits (7, 25) can also be colonized and may serve as a reservoir for this pathogen. Initial infection of young calves is followed by a lengthy subclinical stage of Johne's disease during which the animals are generally asymptomatic but may be shedding low numbers of organisms in feces or milk. The late stage of Johne's disease in cattle involves shedding high numbers of the pathogen in feces, along with cachexia and diarrhea as hallmark signs. Transmission of M. avium subsp. paratuberculosis is by ingestion of bacilli during grazing on contaminated pastures or through the milk of an infected cow.
Understanding the host immunity to M. avium subsp. paratuberculosis infection is critical to controlling the spread of this disease, as it is central to the development of better diagnostic tests and the identification of protective immunogens for use as vaccine candidates. During the early subclinical stage of infection, a cell-mediated response predominates in the host and can be characterized by strong delayed-type IV hypersensitivity reactions, lymphocyte-proliferative responses to select mycobacterial antigens, and production of cytokines stimulated by T cells (50) . Through some unknown signal, the cell-mediated immune response wanes with progression of Johne's disease and a humoral immune response becomes measurable (49) . However, there is recent evidence that suggests antibody production in cattle does occur early postinfection (26, 57) .
Since the completion of the M. avium subsp. paratuberculosis genome sequencing project (29) , this organism has been characterized for genomic diversity (34, 42) and unique diagnostic (2, 3, 11, 30) and subtyping (1, 36) targets as well as preliminary antigen screens (4, 11, 30, 41) . In particular, the genetic diversity among M. avium subsp. paratuberculosis isolates has been extensively studied. By use of techniques from repetitive DNA sequences (1, 8) to amplified fragment length polymorphism and pulsed-field gel electrophoresis analysis (13, 39) , differences on M. avium subsp. paratuberculosis chromosomes have been identified and utilized for discriminatory subtyping of isolates. Many of these studies have used the genome sequence of M. avium subsp. paratuberculosis to aid in the identification of genetic regions of variability (1, 40, 42, 46) . Over 30 proteins encoded within these unique genetic regions, termed large sequence polymorphisms (LSPs), were produced and analyzed in this study.
Currently, all antigen-based tests that detect M. avium subsp. paratuberculosis use a complex, ill-defined mixture of proteins, such as a whole-cell sonicated extract (35) , surface antigen extract (16) , or purified protein derivative (51) . These antigen preparations show variability in potency (52) and cross-react with closely related mycobacteria such as M. avium subsp. avium. Recognizing that these tests could potentially be improved if a few well-defined antigens were identified, our laboratories used genomic data to identify novel M. avium subsp. paratuberculosis antigens as candidates to be used to improve diagnosis of Johne's disease in antigen-based immunoassays, such as the enzyme-linked immunosorbent assay (ELISA), an immunoblot, or a gamma interferon (IFN-␥) release assay. From these studies, we have identified at least four novel antigens (30, 41) but are not certain how these antigens compare with other proteins produced by M. avium subsp. paratuberculosis.
Clearly, a proteomic approach is necessary to define the most antigenic components. One method is to fractionate proteins from the whole-cell, membrane, or secreted fraction and resolve them via two-dimensional (2-D) gels. The secreted fraction of M. avium subsp. paratuberculosis has recently been analyzed by using this methodology (10, 24, 28) . Another way is to express recombinant proteins from cloned M. avium subsp. paratuberculosis coding sequences and use them to construct a protein array. This array can then be used to probe sera from animals with Johne's disease and healthy controls. We pursued the second approach to develop a 96-dot protein array from M. avium subsp. paratuberculosis, because of the ease in identifying reactive proteins. Furthermore, this array would enable the direct comparison of known antigens with newly identified antigens. This systematic approach will lead most directly to new diagnostic tools for improved management of Johne's disease. Finally, the results described herein provide a unique examination of the humoral immune responses in cattle exposed to M. avium subsp. paratuberculosis as well as open new frontiers in vaccine and diagnostic development.
MATERIALS AND METHODS

Mycobacterial antigen preparation.
A whole-cell sonicated lysate of M. avium subsp. paratuberculosis K-10 was prepared as described previously (57) .
Recombinant protein production and purification. The cloning, protein production, and purification is described in detail previously (5) . Briefly, maltose binding protein (MBP) fusions of M. avium subsp. paratuberculosis predicted coding sequences listed in Table 1 were constructed in Escherichia coli by using the pMAL-c2 vector (New England Biolabs, Beverly, MA). Primers were designed from the reading frame of each coding sequence and contained an XbaI site in the 5Ј primer and a HindIII site in the 3Ј primer for cloning purposes. The vector and amplification product were digested with XbaI and HindIII. Ligation of these restricted DNA fragments resulted in an in-frame fusion between the malE gene in the vector and the reading frame of interest. Following ligation, the products were transformed into E. coli DH5␣ and selected on LB agar plates containing 100 g/ml ampicillin. Each MBP fusion protein (e.g., MBP-MAP 4025) was overexpressed in 1-liter E. coli LB cultures by induction with 0.3 mM isopropyl-␤-D-thiogalactopyranoside (Sigma, St. Louis, MO) and purified by affinity chromatography using an amylose resin supplied by New England Biolabs. A similar approach was used for production and purification of all MBP fusion proteins. E. coli DH5␣ harboring the parental plasmid pMAL-c2 was expressed, purified, and used as a control in all experiments. Purified protein from this control strain consists of an MBP fusion of the LacZ alpha peptide (MBP-LacZ). Selected fractions eluted from the amylose resin column were pooled and dialyzed using Slide-A-Lyzer cassettes (Pierce Biotechnology Inc.) in 1.5-liter phosphate-buffered saline (PBS; 150 mM NaCl, 10 mM NaPO 4 , pH 7.4) with three exchanges at 4°C. Purified protein aliquots were stored at Ϫ20°C.
Quality control assessment of purified proteins. All expression clones were sequenced to confirm that the cloned insert both matched the native M. avium subsp. paratuberculosis gene and was in frame with expression signals built into the pMAL-c2 expression vector. Furthermore, final protein concentrations of pooled fractions postdialysis were determined by NanoDrop spectrometry measurements at 280 nm. All recombinant proteins were further evaluated by GelCode Blue (Pierce Biotechnology Inc., Rockford, IL) stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels to assess purity and to ensure that they migrated at the expected size.
Animals, antibodies, and host serum. Sera from a rabbit that was exposed to live M. avium subsp. paratuberculosis ATCC 19698 by intraperitoneal injection was used in these studies. Sera from three clinical cattle (509, 3235, and 3494) and three uninfected control cattle (109, 110, and 111) were obtained from a herd dedicated to Johne's disease research activities at the National Animal Disease Center. The infection statuses and health histories of these animals were monitored quarterly by fecal culture, ELISA, and IFN-␥ release assays ( Table 2 ). All sera from these animals were diluted 1:500. Animals 5902, 5903, and 5904 were experimentally infected by intratonsillar inoculation by using four weekly doses of 4 ϫ 10 6 CFU (strain K-10) in two tonsillar crypts as described in a previous study (57) . Sera from all three animals experimentally infected with M. avium subsp. paratuberculosis were collected at day 321 post-intratonsillar infection and diluted 1:500 in these experiments. Sera from cow 202, experimentally infected with M. bovis (10 4 CFU of strain 95-1315 in each tonsillar crypt), was diluted 1:500 and sera from M. avium subsp. avium-infected cow 6137 (10 10 CFU of strain 3988 split between the tonsillar crypts) were also diluted 1:500 (Table 2) . A monoclonal antibody to the MBP affinity tag (diluted 1:3,000) was developed at the National Animal Disease Center and has been used in previous studies (6) .
Protein array production. PBS was used as the spotting buffer and diluent for all M. avium subsp. paratuberculosis proteins. The protein array was constructed on a nitrocellulose membrane using a Bio-Dot 96-well manifold apparatus (Bio-Rad, Hercules, CA). Diluted working stocks of purified proteins were stored in deep 96-well plates with a 1-ml capacity per round-bottom well (Nalgene Nunc International). Each well of the assembled 96-well dot blot apparatus was loaded with 100 l of PBS containing the appropriate protein approximated to a final concentration of 0.5 mg/ml. The PBS-diluted samples were allowed to flow through the membrane by gravity flow. Each well was then washed in 200 l of PBS with 0.1% Tween-20 (TPBS). A vacuum was engaged to pull the wash solution through, and the nitrocellulose membrane was removed from the apparatus and placed in a petri dish containing a blocking solution (PBS with 2% bovine serum albumin and 0.1% Tween 20) . After 30 min in the blocking solution, the immunoblotting assay was performed. PBS was also included on the dot blot array as a spotting buffer control. MBP-LacZ was also added as a control to assess immunoreactivity to the affinity tag. Protein arrays were produced in groups of four with one of the arrays used as a control with the monoclonal antibody to MBP. This enabled tracking of spotting efficiency between experiments.
Immunoblot analysis of the protein array. Dot blot arrays were incubated with sera from several hosts exposed to M. avium subsp. paratuberculosis. Sera were diluted in blocking buffer and exposed to spotted arrays for 2 h at room temperature on a rocker platform. The rabbit sera were diluted 1:1,000. After three washes in TPBS, the nitrocellulose array was incubated with the appropriate horseradish peroxidase-conjugated anti-immunoglobulin G antibody diluted at 1:20,000 in TPBS-bovine serum albumin for 1.5 h. This was followed by a final three washes in TPBS. Assay development utilized SuperSignal detection reagents (Pierce) and Kodak BioMax MR film. A control strip containing unconjugated bovine antibody (heavy plus light chains; Pierce) was processed in parallel with arrays exposed to uninfected cow sera. The top spot (A) on the control strip contained 0.11 mg/ml bovine antibody, the B spot contained 0.02 mg/ml, the C spot contained 0.002 mg/ml, and so on.
Measurement of spot intensities. Quantitative spot intensities were obtained by performing a densitometric scan on autoradiograms containing antibodyprobed arrays. LabWorks 4.5 software (UVP Bioimaging System; UVP Inc., Upland, CA) was used to obtain the integrated optical density values for each spot. This quantification software processes spot intensities on the array and determines the mean intensities of pixels within a spot as well as those of the background pixels around the spot. These local-background intensities are subtracted from the raw signals to obtain the local-background-corrected levels. The measured diameter that was selected for scans of different arrays was consistent for all arrays in this study. Adjusted intensities were obtained following normalization of each spot with the corresponding spot on the MBP array produced from that set of experiments. Statistical analysis included the binomial test in which the null hypothesis P value was set to 0.5. Under this null hypothesis, 46 proteins were predicted to show a stronger intensity in M. avium subsp. paratuberculosis-infected animals than in non-M. avium subsp. paratuberculosis-infected animals and 46 proteins would have a weaker signal in M. avium subsp. paratuberculosis-infected animals than in non-M. avium subsp. paratuberculosis-infected animals. Any deviance from this null model was considered nonrandom.
RESULTS
Protein array content. All recombinant proteins represented on the M. avium subsp. paratuberculosis protein array were initially evaluated for purity by SDS-PAGE analysis. A selection of 25 proteins, representing a typical experiment, is shown in Fig. 1 . The largest fusion protein purified was MAP1643 at 127 kDa ( Fig. 1) , and the smallest protein was MAP4228 at 50.4 kDa (data not shown). The protein with the highest yield obtained from all the purifications was MAP2155, which represents a putative transposase similar to IS6110. A total of 35 mg of this protein was purified from a 1-liter culture at a Table S1 in the supplemental material. The 96-dot protein array was constructed on nitrocellulose filters. Represented among these spots are 89 MBP fusion proteins, 3 polyhistidine-tagged proteins, and 4 controls, including M. avium subsp. paratuberculosis sonicate (two spots; positive control), spotting buffer (one spot; negative control), and a LacZ alpha peptide fused to MBP (specificity control). The dot assignments for the protein array are shown in Fig.  2A . The three polyhistidine-tagged proteins (MAP0087, MAP2121c, and MAP3084c) are present on the upper right corner of the array (Fig. 2A, column 12 ). Note that MAP2121c, which represents a widely conserved and antigenic membrane protein (56) , is represented twice on the array, once as an MBP fusion (spot 4F) and also a polyhistidine-tagged protein (spot 12B). Coding sequences that are present uniquely in LSPs previously reported by our laboratories (42) and others (45) are also represented on the array. In fact, nearly all the coding sequences in the initial two columns comprise the M. avium subsp. paratuberculosis-specific LSP4 segment (MAP0851 to MAP0866) reported by Behr and colleagues (45) .
Antibody response in healthy control cattle. Because most proteins spotted on the dot array were produced as a fusion with the MBP affinity purification tag, probing with a monoclonal antibody to this affinity tag was performed to determine relative amounts of each protein spotted (Fig. 2B) . The three uninfected cows (109, 110, and 111) showed weak reactivity or no reactivity to recombinant proteins or the whole-cell sonicate antigen (see Table S2 in the supplemental material). Of the three uninfected cows, cow 111 showed the most antibody reactivity to recombinant proteins on the array and is shown in Fig. 2B along with an array exposed to the MBP monoclonal antibody. These data demonstrate that all MBP-tagged fusion proteins are detectable by using the monoclonal antibody and that nonspecific reactivity is low for uninfected cattle.
Antibody profiles for M. bovis-and M. avium subsp. aviuminfected cattle. In order to identify potentially cross-reactive epitopes, protein arrays were used to probe sera from M. bovisand M. avium subsp. avium-infected cattle (Fig. 3) . In general, there was more reactivity observed with M. avium subsp. avium-infected cow serum than with M. bovis-infected cow serum. These data agree with the fact that M. avium subsp. avium is more phylogenetically similar to M. avium subsp. paratuberculosis than it is to M. bovis and hence shows more antibody cross-reactivity than M. bovis. Five proteins were detected with sera from both types of infected animals (Fig. 3) . The majority of M. avium subsp. paratuberculosis-specific coding sequences present within LSPs and spotted in columns 1 to 3 and elsewhere on the array were not detected with sera from either infected cow ( Fig. 3 and Table 3 ). MAP1087 (11A) showed more reactivity in both the M. avium subsp. aviuminfected and M. bovis-infected cows than any other protein present on the dot array. TBLASTn analysis of this protein with M. avium subsp. avium 104 showed 99% similarity over the full length of the protein but only 29% similarity over a partial length in the M. bovis protein (see Table S1 in the supplemental material). In conclusion, while sera from healthy, uninfected cows show little or no reactivity with the spotted proteins, some proteins do cross-react with sera from cattle exposed to other mycobacteria.
Analysis of the humoral immune response in hosts exposed to M. avium subsp. paratuberculosis. The dot arrays were initially tested using sera from a rabbit infected with live M. avium subsp. paratuberculosis (Fig. 4A) . MAP1204, a homolog of Rv1478 in Mycobacterium tuberculosis, which represents a putative exported p60 homolog possibly involved in virulence (18) , was among the antigens most reactive with the rabbit sera. Likewise, the major membrane protein, MAP2121c, was also strongly detected in this host. The protein arrays were next used to obtain antibody profiles for cows with clinical signs of Johne's disease as well as for experimentally infected cows (Fig. 4B) . The antibody profiles for all cattle were generally In addition, all experiments using cattle sera were subjected to densitometry analysis to provide quantitation for reactivity at each spot, reported as spot intensities. The mean intensity measurements for the experimentally infected cattle (n ϭ 3) as well as the naturally infected clinical cattle (n ϭ 3) are listed in Table 3 . The strongest antigens that were consistently reactive with all the cattle serum included MAP1087 and MAP1730c (Table 3) , which represent an ABC peptide transport permease and a putative GTPase protein, respectively (29) . MAP1087 showed the strongest intensity values in three of the six M. avium subsp. paratuberculosis-infected cows and showed the second-strongest intensities in the remaining three cows (see Table S2 in the supplemental material). The protein showing the third-strongest intensity, MAP1204, had the highest intensity value among the proteins from the rabbit (data not shown). The MAP1204 gene codes for a putative invasion protein that possesses an Nlpc_P60 domain of unknown function that is found in several lipoproteins. PSORTb analysis software predicts that MAP1730c is located in the cytoplasm, MAP1087 is in the membrane, and MAP1204 is extracellular (19) .
To test the significance of these findings, a binomial test was performed on all proteins and the null hypothesis P value was set to 0.5. These calculations showed that rather than an equal 50/50 distribution of proteins showing a stronger signal with FIG. 2 . Controls to test the performance of the 96-dot array. Shown are the dot assignments for the protein array (A) and two dot array (B) experiments. The dot assignments are consistent for all experiments in this study. The monoclonal antibody or serum sample used is indicated beneath each array. All MBP fusion proteins were detected by the MBP monoclonal antibody (MBP mAb), whereas the serum from uninfected cow 111 showed little to no reactivity with most of the proteins. Because background reactivity was so low with all three uninfected cow sera, a control strip (shown on the right side of the array) containing serial dilutions of unconjugated bovine antibody was processed in parallel with all arrays exposed to uninfected cow sera to ensure the experiment worked correctly. A whole-cell lysate representing a majority of the proteins produced by M. avium subsp. paratuberculosis is spotted in positions 12E and 12H for all dot arrays. Note that the MBP monoclonal antibody does not detect the three His-tagged proteins spotted in positions 12A, 12B, and 12C.
FIG. 3.
Cross-reactive antibodies from cattle infected with mycobacteria other than M. avium subsp. paratuberculosis. Each array was exposed to serum from an infected cow as indicated beneath the image. Antibodies from the M. avium subsp. avium (M. avium)-infected cow were observed to be more cross-reactive than those from the M. bovis-infected cow. Dot assignments are as shown in Fig. 2A . b Location on the dot blot array. c The average intensity of spot measurements from sera of cattle naturally infected with M. avium subsp. paratuberculosis (n ϭ 3). d The average intensity of spot measurements from sera of cattle experimentally infected M. avium subsp. paratuberculosis (n ϭ 3). e The strongest intensity in each column is shown in bold. f MAP cells, a whole-cell sonicated lysate of M. avium subsp. paratuberculosis. g PBS buffer in spot D12 represents the spotting-buffer-only control.
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paratuberculosis K-10 genome. These LSPs comprise 187 total coding sequences and span over 226 kb of genomic DNA (45) . Seven of the LSPs are not present in any of the 96 M. avium complex isolates tested (45) . Overall, MAP1730c, encoded within LSP9, had the most consistently strong intensities among all six sera from the infected cattle tested (Table 3; see  Table S2 in the supplemental material). However, LSP9 did show some cross-reactivity with M. avium complex isolates in PCR screens (45) . The three most-immunogenic proteins encoded within LSPs that were observed to be 100% specific for M. avium subsp. paratuberculosis isolates included MAP0865 and MAP0857c (LSP4) and MAP3817c (LSP16). These proteins had the sixth (MAP0865)-, eighth (MAP3817c)-, and ninth (MAP0857c)-strongest mean intensities (Table 3) and thus are excellent candidates for an antigen-based diagnostic test.
DISCUSSION
Although previous studies have correlated bovine immune responses to the 22-kDa protein (43) , heat shock proteins (17) , and others encoded by the MAP1272c (30), MAP1138c (15), or MAP3968 (44) gene, all these M. avium subsp. paratuberculosis proteins have been evaluated singly, not in comparison to other proteins. More recently, investigators have addressed the need to evaluate multiple mycobacterial antigens in parallel by recombinant expression and immunoreactivity studies through multiantigen print immunoassays (31, 58) , immunoblot analysis (41), or ELISA (11, 38, 47, 60) . However, these studies are limited by the printing capabilities, the number of wells on a polyacrylamide gel or microtiter plate, and therefore, only 15 or fewer proteins were analyzed. It would be more informative if dozens of proteins were compared not only with each other but also with known mycobacterial antigens and other M. avium subsp. paratuberculosis proteins. Therefore, a comprehensive analysis of all M. avium subsp. paratuberculosis antigens at a whole-genome level in an unbiased assay system is ideal in order to fully determine the antigenic basis of host protective and pathogenic responses to M. avium subsp. paratuberculosis infection. The available M. avium subsp. paratuberculosis genome sequence (29) has made it possible to perform a comprehensive analysis of the antigenicities of all proteins encoded by this bacterium.
Microbial proteomics typically involves performing 2-D SDS-PAGE separation followed by excision of spots either stained or identified in a corresponding immunoblot. The excised protein(s) is then identified by a mass spectrometry (MS) method, such as matrix-assisted laser desorption ionizationtime of flight MS or tandem MS. Using this approach, as many as 715 E. coli proteins of the total of approximately 5,000 predicted from the genome sequence have been identified in the E. coli proteome (23) . However, with a complete genome sequence, the potential to construct a complete protein array representing all proteins encoded in the genome exists. The (48) . Despite the differences in disease introduction and length of exposure, the antibody profiles obtained from all cattle were strikingly similar. These data suggest that the humoral immune response to M. avium subsp. paratuberculosis in cattle is established relatively quickly after exposure and may remain consistent throughout the disease stages. This conclusion may seem to counter current hypotheses, which suggest that a strong cell-mediated immune response occurs initially while the humoral immune response begins in the later stages of disease in cattle. However, the more likely explanation is that a strong cell-mediated immune response occurs initially in addition to a developing humoral immune response that has historically been more difficult to measure. Data from this study show that the whole-cell sonicate preparation was poorly detected by cattle sera (Fig. 4B, spots 12E and 12H ). This preparation is likely similar to other complex protein preparations used in ELISAs and underscores the need to identify alternate antigen preps to better detect the antibody response following infection.
The cattle and rabbit sera showed remarkably similar antibody response profiles. Notably, 6 of the top 10 strongest intensities in the rabbit experiment were also among the top 10 most-reactive antigens in the cattle experiments. For example, MAP1087 showed the strongest intensity in cattle and was the third strongest in the rabbit. Likewise, MAP1204 was the thirdstrongest antigen in cattle and the strongest in the rabbit. The consistency with which these proteins were detected by sera from all animals tested gives added strength to these results. Furthermore, those proteins that had weak reactivities in cattle also showed weak reactivities in the rabbit. The use of sera from the two different animal hosts was a tool to ensure that observed antibody responses were consistent and not the result of spurious cross-reactivity. Further work should be done to examine the use of rabbits as a model of humoral immunity for Johne's disease in cattle.
Second-generation protein arrays containing many additional M. avium subsp. paratuberculosis proteins, as well as proteins detected by M. bovis and M. avium subsp. avium only, will be used in future studies to better demonstrate the humoral immune responses in a panel of sera from cattle with well-characterized Johne's disease in comparison to those in sera from cattle infected with M. bovis or M. avium subsp. avium. In addition, the protein array can be used in studies to compare the antibody profiles for cattle to those for sheep, another ruminant animal of commercial interest that is affected by Johne's disease. It will be interesting to determine if specific and reproducible sets of antigens are associated with each host or disease state, as that information may provide clues to the pathogenesis of Johne's disease.
Data obtained from this study have even broader implications among the genus Mycobacterium. In silico analysis of the M. avium subsp. paratuberculosis genome identified Ͼ3,000 genes with homologs to genes of the human pathogen M. tuberculosis (29) . One of these homolog products that has been identified as the strongest antigen in this study is MAP1087, a putative membrane protein with a possible role in peptide transport (29) . The corresponding coding sequence in M. tuberculosis is designated Rv3665c (12) , and that in M. bovis is designated Mb3698c (20) . This antigen can now be immediately tested for diagnostic potential or perhaps as a subunit vaccine candidate against tuberculosis. The cross-reactivity observed with this protein is a benefit for subunit vaccine development, as it may protect against multiple mycobacterial diseases. The second-strongest antigen identified from these studies, MAP1730c, which represents a putative GTPase protein, has no homolog in either M. tuberculosis or M. bovis. Further studies are necessary to evaluate cell-mediated responses to these promising antigens.
Our previous work has shown that MAP0862 and MAP2963c are detected by sera from infected cattle (41). Leroy et al. also found MAP2963c to be weakly immunogenic in cattle (28) . This study suggests that while both MAP2963c and MAP0862 are detected by sera from infected cattle, they are only weakly detected ( Table 3 ), and that other proteins, identified from this more-comprehensive study, appear to be better antigens. The M. avium subsp. paratuberculosis-specific proteins, present in columns 1 and 2 on the array, were generally not detected by sera from cows infected with either M. bovis or M. avium subsp. avium. The exceptions include MAP0865, which was weakly detected by sera from the M. bovis-infected cow, and MAP0863, which was weakly detected by sera from the M. avium subsp. avium-infected cow. This suggests that not only are the coding sequences uniquely present in M. avium subsp. paratuberculosis, but most of the gene products also do not contain cross-reactive epitopes.
Among the proteins strongly detected in the experimentally infected cows were MAP0961c, MAP0865, MAP3743, MAP2151, and MAP3734c. MAP0961c is especially interesting. Annotated as a hypothetical protein, it contains a glycosyltransferase domain, and an ortholog of this protein was found in the recently completed Mycobacterium ulcerans genome sequence (53) . Findings from this study show that it is not only among the 10 most-antigenic proteins, but it may also be detected early postinfection. This protein was strongly detected in the experimentally infected cows but was detected only weakly in the naturally infected cows (Table 3) . It also showed some degree of cross-reactivity in serum from M. avium subsp. avium-infected cattle.
Data obtained from comparative genomic studies have uncovered 17 large genetic polymorphisms in M. avium subsp. (45) . Furthermore, the genes contain no significant similarity with any sequences in public databases. Thirteen of the 16 coding sequences that comprise LSP4 are fully represented on the protein array. Data from this study suggest that at least some of these coding sequences, notably those coding for MAP0865 and MAP0857c, are produced during infection of cattle. MAP3817c, whose encoding gene is located on the M. avium subsp. paratuberculosis-specific LSP16 genomic island, is a putative membrane protein and also appears to be antigenic. These three promising proteins need to be tested further with additional cattle sera. In summary, novel antigens have been identified by using a newly developed 96-dot protein array. These studies yield solid hints at candidates for a subunit vaccine as well as proteins that might be incorporated into an antigen-based diagnostic test. Furthermore, they have revealed novel immune-reactive paratuberculosis antigens, not only indicating that the hypothetical open reading frame-encoded proteins are expressed during infection in cattle and other hosts but also providing the proof of principle that the fusion protein-based approach can be used to profile humoral immune responses to infection at the whole-genome scale.
